How are long-range axonal projections from the cerebral cortex orchestrated during development? By using both passively and actively transported axonal tracers in fetal and postnatal ferrets, we have analyzed the development of projections from the cortex to a number of thalamic nuclei. We report that the projections of a cortical area to its corresponding thalamic nuclei follow highly cell-specific programs of development. Axons from cells in the deepest layers of the cerebral cortex (layer 6 and superficial subplate neurons) appear to grow very slowly and be delayed for several weeks in the cerebral white matter, reaching the thalamus over a protracted period. Neurons of layer 5, on the other hand, develop their projections much faster; despite being born after the neurons of deeper layers, layer 5 neurons are the first to extend their axons out of the cortical hemisphere and innervate the thalamus. Layer 5 projections are massive in the first postnatal weeks but may become partly eliminated later in development, being overtaken in number by layer 6 cells that constitute the major corticothalamic projection by adulthood. Layer 5 projections are area-specific from the outset and arise as collateral branches of axons directed to the brainstem and spinal cord. Our findings show that the early development of corticofugal connections is determined not by the sequence of cortical neurogenesis but by developmental programs specific for each type of projection neuron. In addition, they demonstrate that in most thalamic nuclei, layer 5 neurons (and not subplate or layer 6 neurons) establish the first descending projections from the cerebral cortex.
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The highly ordered connections of the mammalian neocortex are the substrate for its remarkable functional specificity. The mechanisms that coordinate the assembly of these connections during development remain to be elucidated. The order of neuronal birthdate of neocortical neurons has been widely considered a key determinant of the temporal sequence in which cortical connections develop (1) (2) (3) (4) (5) . This is based on the evidence that neocortical neurons start growing their axons as soon as -they reach the cortical plate or even earlier (2) (3) (4) (5) (6) (7) , as well as on the intuition that, because of the rapid expansion of the fetal brain, all neurons should elongate their axons as quickly as possible to lay down pathways while distances and navigational problems are at a minimum (2) (3) (4) (5) . There is no evidence, however, that all cortical neurons extend their axons rapidly or at the same pace. Indeed, evidence from certain peripheral sensory ganglia indicates that neurons that have to cover different distances to their targets have cell-specific programs that regulate the rate of their axonal growth (8, 9) . We hypothesized that similar cell-specific programs of development, rather than the sequence of birthdates, might determine the timing by which neocortical neurons establish their connections. (10) (11) (12) (13) . The embryonic range of ages (in days) when the neurons destined for each layer in the ferret (visual) cortex are generated (14) is indicated on the right. WM, white matter.
For this analysis, we chose to examine the corticothalamic projection, a massive efferent system of the cerebral cortex. Each neocortical area sends projections to a specific set of thalamic nuclei (Fig. 1) . The neurons that give rise to this projection are born at different embryonic ages but extend their axons along the same pathway. Their somata are located in cortical layers 5 and 6 and in the most superficial part of the subcortical WM (10) (11) (12) . The latter of these projection neurons are born first; these are a remnant of the cells of an embryonic layer of the cerebral cortex know as the subplate (SP) zone (1, 14, 15) . Neurons in layers 6 and 5, in order, are born progressively later (1, 16, 17) . Previous studies on the development of corticothalamic projections (2, 5, 7, (18) (19) (20) (21) have focused on the projections from primary visual cortex (area 17) to the dorsal lateral geniculate nucleus (dLGN), the visual thalamic relay nucleus. However, this particular pathway represents only a subset of the general scheme of corticothalamic projections, since in most species the dLGN does not receive layer 5 projections from area 17 (10, (22) (23) (24) . Moreover, layer 5 axons from area 17 directed to the midbrain run through and around the dLGN, compromising the interpre- (Figs. 2 d and e and 3) . Again, no cell was labeled in SP or layer 6. The band of pyramidal cells was labeled throughout the period examined (up to E62) and was identified cytoarchitectonically as situated in layer 5 (Figs. 2  d-f and 3) . In sharp contrast to the abrupt and nearly simultaneous appearance of layer 5 projections from various cortical areas (Fig. 3A and B) , labeling in upper SP and layer 6 neurons progressively increased in number and extent after injections at older ages. In each area, labeling appeared first in neurons situated immediately below the inner border of the cortical plate (in the upper SP), some of them displaying inverted pyramidal morphology. Cells in successively more superficial parts of layer 6 became labeled after injections in the following days or weeks, until the full adult complement was reached. These cells were smaller than the pyramidal cells in layer 5 (Fig. 2) . In addition, FB and C-TB experiments revealed a pronounced gradient across the cerebral hemisphere: in dorsal/posterior areas (Fig. 3A) , labeling in upper SP and layer 6 cells appeared several days later than in mnore anterior/ventral areas (Fig. 3B) and took longer to reach its full complement.
Collateral Projections of Layer 5 Neurons. In ferrets, axons of layer 5 neurons have extended to the lower brainstem by E41 (27) . When we injected CTB in the cortex during the period in which only layer 5 projections are present (between E44 and E50; Fig. 3A branches that emerged perpendicularly from corticofugal axons that continued into the cerebral peduncle (Fig. 4) . Nissl counterstaining revealed that the branches occurred at the point where the axons traversed the perireticular nucleus. Collaterals were the rule: in serial reconstructions, fibers entering the thalamus could be always traced down to a branch point from a thicker trunk directed toward subthalamic levels. Moreover, after injections of FB or DiI in thalamic nuclei at these ages, we observed massive fiber labeling in the pyramidal or corticopontine tracts, presumably due to anterograde diffusion along the distal part of the main axon beyond the point of branching. These observations indicate that the axons that give rise to the thalamic collaterals extend to distant regions in the brainstem and/or spinal cord.
Areal Specificity of Corticothalamic Layer 5 Projections. When DiI deposits or thalamic microinjections of CTB/FB were limited to particular nuclei, retrogradely labeled layer 5 cells were largely restricted to the appropriate cortical area. Although cytoarchitectonic borders are not evident at these early ages, the dimples that foretell the main cortical sulci appear around E46 (Fig. 5) . At younger ages, we estimated the areal location by the relative position on the cerebral hemisphere. In this way, for example, we noticed that injections in the ventrolateral thalamic nucleus labeled layer 5 neurons only in the prospective location of sensorimotor cortex. Conversely, injections restricted to dLGN never labeled layer 5 cells in dorsal occipital cortex (presumptive area 17; ref. 27) , which in the adult also does not send layer 5 projections to dLGN; however, they labeled layer 5 cells in more lateral and anterior occipital cortex (presumptive areas 18 and 19) , which in the adult do send layer 5 projections to dLGN (10, (22) (23) (24) .
Delayed Growth of Layer 6/Upper SP Projections. Retrograde tracing from tracer deposits in the thalamus did not resolve whether axons from layer 6 and upper SP neurons elongate slowly toward the thalamus or, alternatively, arrive rapidly near the thalamus but "wait" before invading their target nuclei (3, 5) . We tested these possibilities by implanting DiI crystals at different points along the pathway from the cerebral cortex to the thalamus (to impregnate all axons present in that part of the pathway at a given age) and subsequently examining the pattern of retrograde labeling in the cortex. Implants in IC started labeling large numbers of layer 5 neurons as early as E40. However, upper SP and layer 6 neurons only became labeled after similar DiI implants at much older ages (E50-58), about the time when they had been labeled after thalamic injections of FB or CTB (Figs. 3A and  5 ). Thus axons of upper SP and layer 6 cells appear to elongate slowly in the WM.
DISCUSSION
By using a variety of sensitive axonal tracers in vivo and in fixed tissue and selective application in specific thalamic or cortical locations, we have revealed striking differences in the timing of target innervation and rate of elongation of the various populations of corticothalamic axons. Axons of layer S neurons elongate rapidly and enter the thalamus first, whereas those of upper SP/layer 6 neurons grow slowly and enter the thalamus over a protracted period, subsequent to layer 5 axons.
The sequence of cortical neurogenesis has been widely assumed to dictate the development of its projections (1) (2) (3) (4) (5) 28) . Anterograde axon tracing experiments using DiI have shown that axons of early cortical neurons, presumably SP cells, reach the internal capsule very early in development (2-4, 6, 7, 19, 21) . It was suggested that SP axons elongate subsequently to the appropriate thalamic nuclei, pioneering the corticothalamic pathway; later populations of cortical axons would follow these axons to reach their thalamic targets (2, 4, 21) . This view relies on the observation of occasional cells labeled retrogradely in the SP at early ages after DiI implants in the thalamus (2, 3, 7, 19, 21) . Anterograde (3, 5, 18) and retrograde (20) transport experiments with tracers other than DiI have been at odds with this interpretation, since they have not revealed such an early projection to the thalamus (see below). The tracers used in the latter studies, however, were not suited for labeling small contingents of axons. In the present study, with the actively transported retrograde tracers FB and CTB, we have shown that, in ferrets, no cortical projections are present in the dorsal thalamic nuclei before the arrival of layer 5 axons. Since DiI is known to undergo transneuronal transport (26) , a likely explanation for the early labeling of SP cells from thalamic implants is that DiI stained these cells (as it does radial glia) by diffusion from labeled ascending thalamic axons, possibly through membrane contact. In fact, we noticed that some of the cells labeled in the deep SP with DiI in our material had growth-cone-tipped axons directed toward the dorsal midline of the hemisphere instead of the thalamus (data not shown). The requirement for pioneer axons for the corticothalamic projection is itself unclear: there is no obvious reason, for example, why layer 5 axons should rely on SP pioneers to navigate to the thalamus when they can do without such aids for reaching more distant targets (21) . Our data are consistent with some SP cells extending early projections into the IC (refs. 2, 3 , and 21 and Fig. 5) ; however, axons of SP cells unequivocally do not enter thalamic nuclei at early ages, before axons of layer 5 cells.
After injections of retrograde tracers in the dLGN, previous studies (19) (20) (21) 25) have reported labeling in layer 5 cortical neurons (presumably outside area 17) at about the same age at which the first labeling in layer 6 appeared. Because layer 5 axons directed to the ventral lateral geniculate nucleus and midbrain run through and around dLGN, the significance of this labeling was unclear (19) (20) (21) 25 (25) .
Projections from layer 5 remain massive by the end of the third postnatal week. By adulthood, however, they have become drastically reduced (Fig. 3 ). Our interpretation (Fig. 3C) is that some collaterals are removed at later postnatal ages. While the mechanisms responsible for removal of these and other collaterals from corticofugal axons are unknown (33) , it is striking that, in the thalamus, projections that have apparently reached their appropriate area-specific target nuclei are removed.
Previous studies with anterograde tracers injected into visual cortex noted that labeling in the dLGN appears days after cortical projections have extended to the brainstem (3, 5, 18) . Since projections to the brainstem arise only from layer 5 cells, it was suggested that upper SP/layer 6 axons may be delayed in the periphery of the LGN before entering the nucleus. In ferrets, by E36, upper SP/layer 6 cells have completed their migration even in those regions where neocortical neurogenesis is more delayed (14) . From our DiI implants in the WM, it is clear that most of these cells do not extend their axons far from their area of origin for at least 2-3 weeks after becoming postmigratory. Layer 5 axons, on the other hand, start crossing the internal capsule, the gateway out of the cerebral hemisphere, shortly after becoming postmigratory (14) . Fast axonal growth may allow layer 5 cells to reach caudal segments of the neuraxis early on, in spite of their late neurogenesis. Axons of upper SP and layer 6 cells elongate slowly and display similar developmental programs. The marked temporal scatter across areas and layers in the arrival of these axons to their thalamic targets is what should be expected if the axons grow at roughly the same rate, given the different proximity of the various areas to the thalamus, the neurogenetic gradient between areas and layers (1, (14) (15) (16) (17) , and the fast growth of the fetal brain.
The slow axonal growth of layer 6/upper SP neurons is reminiscent of neurons in proximal chicken sensory ganglia (8, 9) , whose axons are intrinsically specified to grow slower than neurons from more distal ganglia. A consequence of such variations in rates of growth is synchronization in the arrival of axons at their targets. From this perspective, the slow growth of upper SP/layer 6 cells might relate to the late development of distal dendritic segments of thalamic neurons (34) , where these axons synapse (12, 13, 35, 36) . Regardless of developmental role, our data indicate clear cell-specific differences among programs of development of projection neurons in different layers of the ferret neocortex. These programs could be specified during laminar fate determination (37) . Alternatively, different programs may be the result of dynamic interactions of layer 5 and layer 6/SP axons with other axonal systems or with different substrates in the developing white matter.
